Since the pioneering work of Chang, Esaki, and Tsu 1 a great deal of attention has been paid to studying physics of resonant tunneling and the single-particle approach is found to be generally adequate to describe this long familiar system. However, it has recently become clear that many-body phenomena can also play a substantial role in resonant tunneling and even lead to qualitative changes in its behavior. Such changes have been observed in two specific situations: as a Fermi-edge singularity for the tunneling of twodimensional ͑2D͒ electrons through a strongly localized state of a single impurity 2 and as a plasmon replica in asymmetric resonant tunneling devices ͑RTD's͒ in the regime of change accumulation. 3 In this paper, we show that electron-electron interaction is also responsible for another qualitative feature which can readily be seen in the behavior of conventional RTD's with a two-dimensional electron gas ͑2DEG͒ at the emitter interface. The interaction leads to a clearly noticeable shift of the tunnel resonance to higher biases when a strong magnetic field is applied perpendicular to the 2DEG. Such a shift indicates the emergence of an extra barrier that restrains electron tunneling. We explain this shift in terms of the so-called Coulomb ͑quasi͒gap, which has recently been observed for equilibrium tunneling between two 2D-electron systems 4, 5 and, subsequently, attracted significant theoretical interest. [6] [7] [8] The observation of the quasigap as a first-order effect in resonant tunneling that survives up to temperatures of several tens of Kelvin is only one of the points of this paper. 9 Further, the process which controls the tunnel current in our RTD's is tunneling from the emitter 2DEG into the empty quantum well. This essentially distinguishes our system from double-layer devices 4, 5 giving further information about the nature of the Coulomb quasigap. First, the evidence for the many-body blockade in the system with a single 2DEG proves that the intralayer rather than interlayer interaction dominates this effect. 8 Second, a free supply of electrons into the emitter 2DEG from the parallel planar contact layer effectively removes the strongly oscillating in-plane 2DEG magnetoresistance which has hampered the accuracy of measurements in the double 2DEG systems in low magnetic fields. In our system, we have been able to accurately measure magnetic-field and temperature dependences of the quasigap which both appear to be remarkable. In high magnetic fields, the many-body shift exhibits saturation to a value of about ⌬(Tϭ0)Ϸe 2 /r where r is the average electron spacing in the 2DEG, in agreement with the previous work on double 2DEG systems. In low fields, we have found a quadratic dependence on B which cannot be explained by current theories. The transition point between the two regimes is clearly marked by the filling factor ϭ1 and cannot be connected to any other meaningful filling factor, e.g., ϭ2 or 2 3 . This is an unambiguous indication that the quasigap involves spin correlations. Third, the observed temperature dependence of the interaction shift is well described by the unusual exponential dependence ⌬(0)exp͓Ϫ␣k B T/⌬(0)͔ (␣ Ϸ1) within the whole temperature range. At low temperatures, this yields the linear dependence ⌬(T)Ϸ⌬(0)Ϫk B T which, we speculate, indicates contribution to the tunnel process of thermally excited phononlike plasmons inside the correlated electron system.
We have studied magnetotunneling of 2D electrons using ͑AlGa͒As double-barrier RTD's. A schematic band diagram of our devices under bias is shown in the inset of Fig. 1 . Due to the presence of an undoped spacer layer between the ͑AlGa͒As emitter barrier and the n-doped contact region, a 2DEG is formed in the accumulation layer at the emitter interface. Tunneling occurs when the 2DEG comes in resonance with a 2D subband in the quantum well giving rise to a sharp peak on the I-V curve ͑Fig. 2͒. Our devices were grown by molecular-beam epitaxy and have the peak-tovalley ratio for the main resonance of about 20 at 4 K, indicating their high quality. A large number of devices with various layer compositions ͑different thicknesses of tunnel barriers, the quantum well and spacer layers, and various doping profiles͒ have been studied. Here, we focus on data for two of our structures which fairly represent the range of possible behavior in this system. For the first sample, the active region consists of an 11-nm Al 0.4 Ga 0.6 As barrier, a 5.8-nm GaAs quantum well followed by another 8.3-nm Al 0.4 Ga 0.6 As barrier with 3.4-nm space layers. The second device has a 9.0-nm GaAs quantum well sandwiched between two 5.7-nm Al 0.3 Ga 0. 7 As barrier followed by 20-nm ) over thicknesses of 100 and 300 nm close to the spacer layers, for the two devices, respectively. We discuss the situation when the current is controlled by tunneling through the emitter barrier and serial resistances due to other parts of the structure can be neglected. For further details we refer to Refs. 2 and 10.
When measuring the tunnel current at a fixed bias below the peak of the main resonance, the current always first rapidly decreases with increasing magnetic field and, then, this is followed by a saturation or slower decrease in fields above ϭ1. Figure 1 shows that this is a primary effect with the current being suppressed by a factor of 2.5 ͑Fig. 1͒ or more.
11 Full I-V characteristics measured for different values of the magnetic field reveal that the suppression of tunneling is simply due to the shift of the whole body of the resonance to higher biases ͑see Fig. 2͒ . The inset shows that the shift is really ''rigid,'' covering the whole range of the exponential increase in the tunnel current down to the regime of impurity-related tunneling. 2, 11 From the phenomenological point of view the magnetic field acts as if the energy of the 2D subband in the quantum well ͑the Fermi level of the 2DEG͒ is moved upwards ͑downwards͒ with increasing magnetic field. The shift of the main resonance may sometimes be accompanied by changes in its amplitude; however, if the resonance is normalized to the peak value, the rigid shift of the front part of the resonance is always evident. The part beyond the resonance usually experiences some changes as the resonance becomes more symmetric in high magnetic fields, in agreement with theory. 12 Another important experimental fact which elucidates the nature of the observed shift is that the value of the magnetic field where the saturation occurs corresponds to filling factor 1 in the emitter 2DEG ͑filling factor is found from the period of the magneto-oscillations͒. This indicates that the shift is related to quantization in the 2DEG. Furthermore, rotating the field direction relative to the plane of the emitter 2DEG confirms that the shift is 2D in nature. The magnitude of the shift is found to be several mV depending on the layer composition and 2D electron concentration n in different devices. Converting the voltage shift into the energy, 2, 10 we find that at low temperatures the additional energy ⌬ required for resonant tunneling in high fields varies between 2 and 5 meV for different devices with n between 0.7 and 3.0 ϫ10 11 cm
Ϫ2
. Note that ⌬ does not correspond to any other obvious energy scale in the problem. The energy ⌬ increases with increasing n and, within the data scatter for different devices, can be described by the dependence ⌬(0)ϭ␤e 2 /r ϰn 1/2 (␤Ϸ0.6-0.8).
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As mentioned above, the observed shift of the tunnel resonance to higher bias is not expected in a simple singleparticle theory of resonant tunneling. 13 In fact, the onset of the resonance is due to 2D electrons at the Fermi level which tunnel with energy conservation but without momentum conservation due to the presence of impurity and interface scattering. On the other hand, the 2D Fermi level is pinned to the Fermi level in the doped contact region because the corresponding series resistance of the spacer layers is negligibly small. Since the zero-point energy shift h 0 /2 ͑lowest Landau level͒ is the same for all parts of the structure, the singleparticle theory of magnetotunneling predicts that the onset of the tunnel resonance is independent of the value of the perpendicular magnetic field. We note that we considered a number of other reasons which could speculatively lead to a shift of the resonance. Among those are magnetoresistance of the spacer regions or the emitter 2DEG, change in the shape of the emitter confinement, tunneling with momentum conservation, nonparabolicity of the energy spectrum in the quantum well, and misalignment of the magnetic field with respect to the 2DEG. All such speculation are in qualitative disagreement with the discussed behavior or have been ruled out by additional experiments ͑e.g., rotation in the magnetic field, changing its polarity, and capacitance measurements͒.
A straightforward explanation for the observed shift is given by employing the concept of the Coulomb quasigap observed in recent experiments on equilibrium tunneling of 2D electrons. 4, 5 The many-body gap can be interpreted as being due to local excitations left in a 2D system by rapid extraction of a tunneling electron. In high magnetic fields 2D electrons become strongly correlated as the magnetic field quenches their kinetic energy. Then, extraction of an electron out of the correlated system leaves local plasmon excitations. Hence, an additional energy ͑or bias͒ has to be supplied to the system to provide the energy conservation in the whole tunnel process which now includes the plasmon emission. The value of the ''gap'' corresponds to the interaction energy e 2 /r and the gap appears in high magnetic fields and at low temperatures when the 2D system is strongly correlated. Applying this concept to our experimental system explains the observed shift, its absolute value, and the concentration dependence. [4] [5] [6] [7] [8] We have used the new experimental situation ͑single 2DEG; vertical supply of electrons͒ to study the behavior of the many-body blockade at high temperatures and in low magnetic fields. The temperature dependence is plotted in Fig. 3 . As expected, 5 the thermal energy k B T required to suppress the blockade is of the same order of magnitude as the gap itself, ⌬(0)/k B Ϸ40 K ͑Fig. 3͒. The resonance becomes slightly smaller ͑and broader͒ with increasing temperature up to 70 K but its position in zero magnetic field is temperature independent ͑see inset in Fig. 3͒ . On the other hand, in high magnetic fields the resonance shifts to lower biases with increasing temperature, gradually approaching its zero-field position. This unambiguously indicates that all the additional energy is related to the magnetically quantized state of the 2D system and the blockade of tunneling is absent in zero field. Further, the temperature dependence of the shift of the resonance shown in Fig. 3 can be well described by the exponential function ⌬(0)exp͓Ϫk B T/⌬(0)͔, which is drastically different from the Arrhenius dependence exp ͓Ϫ⌬(0)/k B T͔ or the Fermi function. In the absence of a theory for such behavior, we note that at low temperatures ͓TӶ⌬(0)/k B ͔ the experimental dependence is also well described by the linear function ⌬(T)ϭ⌬(0)Ϫk B T ͑dashed line in Fig. 3͒ . We speculate that this dependence suggests phononlike excitations in the strongly correlated electron system. Such phonons ͑analogous to acoustic phonons but in an electron glass͒ have a characteristic energy k B T and can couple with tunneling electrons, thus supplying the extra energy of the order of k B T necessary to overcome the blockade. At higher temperatures (k B TϷ⌬), the correlated system melts and the gap completely disappears. Figure 4 shows the magnetic-field dependence of the quasigap over the field interval from 0 to 20 T for the two samples discussed. The 2DEG concentrations differ by a factor of about 2. The solid and dashed lines are obtained directly by fixing the tunnel current and sweeping the magnetic field. This procedure accurately measures the shift of the tunnel resonance if its form does not change. This is the case of the device depicted by the dashed curve in Fig. 4 . For the solid curve, the amplitude of the resonance slightly decreases in fields above 12 T and this leads to the artifact that the solid curve goes up. The real shift is obtained by normalizing the resonance amplitudes in different fields ͑dotted curve͒.
One can see that with increasing field, the gap develops nonmonotonically and can exhibit strong magneto-oscillations. The exact amplitude and phase of these oscillations are beyond accuracy of the present experiment because it is possible that simultaneously there is an oscillating contribution to the measured signal due to a self-consistent adjustment of the accumulation layer. 13 We note that at low temperatures (Ϸ0.4 K͒ a small but clear increase in the value of the gap is observed at ϭ When the amplitude of the oscillations in the value of the gap is small, two field regimes can be clearly distinguished. In low fields, the gap is described by a quadratic dependence, while in high fields it rapidly saturates. The quadratic growth of the quasigap is predicted in Ref. 7 but the rate of this increase is one order of magnitude larger than that measured in our experiment. We note that the theory 7 considers the clean limit in the 2DEG while in our structures impurity scattering is perhaps important at the onset of the resonance. In high magnetic fields ͑Ͻ1͒, there is a smaller increase in the gap value which can be described as a square-root dependence offset from the origin at zero field. Such a weakfield dependence is expected because the magnetic length l H still does not reach the classical limit for the interacting system (l H Ӷr). Note that the transition between the two field regimes is remarkably sharp and for all samples is determined by the filling factor ϭ1 and not by the absolute value of the magnetic field. The filling factor ϭ1 is marked by arrows in Fig. 4 and it is clear that the transition between the two field regimes occurs at the spin-splitted state and not at ϭ2. This indicates that the observed ''gap'' is not only related to the Coulomb interaction between electrons but that also their spin correlations are involved.
In conclusion, many-body interaction causes considerable and easily observable changes in I-V characteristics of conventional resonant tunneling devices. This phenomena survives even at elevated temperatures of several 10 K. The temperature dependence cannot be explained by present theories and indicates coupling of the initial state of the tunnel electron with phononlike excitations in the correlated electron system. The point of the crossover between the lowand high-field regimes indicates that spin correlations are important for the description of the quasigap. We observe a quadratic evolution of the gap in low fields but its amplitude is considerably smaller than predicted.
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